Ta-MCM41 catalysts have been prepared by grafting of Ta(OEt)5 on MCM41, pre-calcined at three different temperatures (550, 650 and 750°C). These solids have been modified with two chiral ligands: R-(+)-diethyl L-tartrate (DET) and R-(+)-diisopropyl L-tartrate (DIPT). The formation of the chiral tantalum species and their influence on the structure of MCM41 have been studied by several characterization techniques, such as XRD, FTIR, N2 adsorption isotherms and MAS-NMR. The grafted tantalum species are always much less active than the homogeneous analogues in the oxidation of thioanisole (methyl phenyl sulfide) with either aqueous H2O2 or alkyl (tert-butyl, TBHP, or cumyl, CHP) hydroperoxides. The enantioselectivities obtained with the heterogeneous catalysts are also always lower than those obtained with the homogeneous ones under the same conditions, and the best results are obtained with the DIPT-modified solids, up to 25% ee. The calcination temperature of the support and the nature of the oxidant are also parameters that significantly affect the enantioselectivity. The recovered catalysts show an increase in the catalytic activity and a decrease in the enantioselectivity, in agreement with a loss of chiral tartrate, whereas the Si-O-Ta bond remains stable and recoverable.
Introduction
Since the first synthesis of MCM-41 was described in 1992 [1] , many different types of mesoporous silica materials have been described [2] . Among a good number of different applications, they have been used as supports in heterogeneous catalysis [3, 4] , due to their unique features, such as the extraordinarily regular structure, with very high surface area, and very narrow pore size distribution, with an arrangement of regular parallel pores in the case of MCM-41, resembling in some way the honeycomb structure. The catalytic sites can be introduced into the framework of the mesoporous silica [5] or by anchoring the catalytic precursor on the surface silanol groups [6, 7] . Tantalum is not among the most commonly used metals grafted on the surface of mesoporous materials, although the tantalum hydride species on MCM-41 have shown their usefulness as catalysts in the activation of methane [8] and the hydrogenolysis of alkanes [9] . Chiral sulfoxides are very interesting compounds, useful as synthetic intermediates of various chemically, biologically, agrochemically active compounds [10] . They can be prepared in different ways, although the asymmetric sulfoxidation of sulfides is the most common methodology [10, 11] , using in many cases metal catalysts [12, 13] . However, the number of examples of successful heterogeneous catalysts for enantioselective sulfoxidation is rather scarce. Polymer supported metalloporphyrins led to moderate to good enantioselectivities (up to 75% ee) but using PhIO as an oxidant [14] . However, due to sustainability issues, hydrogen peroxide and alkyl hydroperoxides (cumene, CHP, and tert-butyl, TBHP, hydroperoxides as the most common ones) are more interesting oxidants. Moderate to good enantioselectivities, in the range of 50-75% ee, have been obtained in the enantioselective sulfoxidation with H2O2 using different catalysts, such as WO3 modified with cinchona alkaloids [15] , polymer supported VO-Schiff base complexes [16] , or Fe(salan) complexes encapsulated into the nanocages of mesoporous silicas [17] . In some cases the moderate enantioselectivities were improved by kinetic resolution in the over-oxidation to sulfone [15] . VO-salen complexes on silica have been much less efficient with regard to enantioselectivity [18, 19] .
Titanium complexes have been the most commonly immobilized catalysts for this purpose.
Ti-binol has been supported on polystyrene [20] , on an ionic liquid film deposited on a modified SBA-15 silica [21] , or self-supported by using a polytopic binol ligand [22] . Very high enantioselectivities were obtained in the sulfoxidation with TBHP or CHP, combining the direct enantioselective sulfoxidation with a partial kinetic resolution by over-oxidation.
The immobilized Ti-tartrate complexes, analogous to the classical homogeneous catalysts [23] , have been much less successful in the enantioselective sulfoxidation. Early attempts of immobilization on silica by titanium grafting [24] , or modification of Ti-containing MCM-41 [25] , showed that the best results were obtained with tartaric acid as chiral ligand and H2O2 as an oxidant, but in all cases low enantioselectivities were obtained. Better results (up to 58% ee) were obtained by intercalation of the Ti-tartrate complex in the interlayer space of double hydroxides [26] .
Tantalum alkoxides supported on silica are able to decompose alkyl hydroperoxides [27] and even the modification with chiral tartrates promoted the enantioselective epoxidation of allylic alcohols [28] . More recently, tantalum alkoxides on mesoporous silica SBA-15 have shown high efficiency in the epoxidation of alkenes with aqueous H2O2 when the environment of the catalytic site is hydrophobic [29] [30] [31] . Recently, TaCl5 and Ta(OEt)5 have been described as excellent catalyst for sulfides oxidation with H2O2 in homogeneous phase, with selectivity for sulfoxide or sulfone depending on the catalyst and the reaction conditions (solvent, temperature, time) [32] . Tantalum containing heterogeneous catalysts have been also used in sulfoxidation reactions. Ta-Si mixed oxides prepared by sol-gel were tested in the sulfoxidation of 4,6-dimethyl-2-methylthiopyrimidine with different oxidants in a range of ionic liquids and organic solvents [33, 34] . Hydrogen peroxide was much more efficient than TBHP, attributed to the steric hindrance of the bulky tert-butyl group in TBHP. A tantalum catalyst prepared by grafting of Ta(OEt)5 on MCM-41 silica was also prepared and tested, with an analogous behavior to that of the mixed oxides [33, 34] .
In the present study, Ta(OEt)5 has been grafted on MCM-41 silica, treated at different temperatures and it has been tested as catalyst in the oxidation of thioanisole (Scheme 1) using aqueous hydrogen peroxide and alkyl hydroperoxides (cumene and tert-butyl hydroperoxides, CHP and TBHP) in organic medium as oxidizing agents. These solids have been also modified with chiral tartrates, R-(+)-diethyl and R-(+)-diisopropyl L-tartrates (DET and DIPT), in an attempt to obtain methyl phenyl sulfoxide in an enantioselective manner. Scheme 1. Oxidation of thioanisole. 
Experimental

Preparation of catalysts
Characterization methods
Powder small angle X-ray diffraction patterns were recorded using Cu K radiation (40 kV and 30 mA) from 2 =1° up to 2 = 10°. BET surface area and pore size distribution were determined from the N2 adsorption-desorption isotherms at 77 K using a micrometrics ASAP 2000 apparatus. Infrared spectra of samples were recorded in the range of 4000-400 cm -1 with discs of solids mixed with dry KBr on a Perkin-Elmer FT-IR paragon 1000PC spectrometer.
The tantalum content was carried out by plasma atomic emission spectroscopy (ICP-OES) using a Thermo Elemental IRIS Intrepid spectrometer. Diffuse reflectance UV-Vis (DR-UV) spectra were recorded on a Unicam UV4 spectrometer equipped with a labsphere diffuse reflectance attachment. Elemental analysis (CHNS) was performed on a Perkin Elmer 2400 elemental analyzer. MAS NMR spectra were recorded in a Bruker Avance III WB400 spectrometer with 4 mm zirconia rotors spun at magic angle in N2 at 10 kHz. 1 H-13 C CP spectra (12000-20000 scans) were measured using a 1 H /2 pulse length of 3 s, with a contact time of 3 ms, and spinal64 proton decoupling sequence of 5.3 s pulse length, with 7 s recycle delay.
Catalytic tests
Homogeneous reactions with alkyl hydroperoxides:
To a solution of methyl phenyl sulfide (124 mg, 1 mmol), ethyl benzoate (internal standard, 15.2 mg), and Ta(OEt)5 (4.9 mg, 0.012 mmol) in 10 mL of anhydrous dichloromethane under Ar atmosphere, TBHP (tert-butyl hydroperoxide, 90.1 mg of a 5.5 M solution in decane, 1 mmol) or CHP (cumene hydroperoxide 88%, 152.2 mg, 1 mmol) was added. The reaction mixture was stirred at room temperature and monitored by GC (sulfide conversion and sulfoxide and sulfone yields).
In the case of enantioselective reactions, a solution of Ta(OEt)5 (4.9 mg, 0.012 mmol) and either diethyl L-tartrate (DET, 3.1 mg, 0.015 mmol) or diisopropyl L-tartrate (DIPT, 3.5 mg, 0.015 mmol) in 10 mL of anhydrous dichloromethane under Ar atmosphere was stirred at room temperature for 1h. Then methyl phenyl sulfide, the internal standard and the oxidant were added as described above. The enantiomeric excess was determined by HPLC with a Chiralpack OD-H column.
Homogeneous reactions with hydrogen peroxide:
To a solution of methyl phenyl sulfide (124 mg, 1 mmol), ethyl benzoate (internal standard, 15.2 mg), and Ta(OEt)5 (4.9 mg, 0.012 mmol) in 10 mL of anhydrous methanol under Ar atmosphere, aqueous H2O2 (60% wt, 68.9 mg, 1 mmol). was added. The reaction mixture was stirred at room temperature and monitored by GC.
In the case of the enantioselective reactions, a solution of Ta(OEt)5 (4.9 mg, 0.012 mmol) and either diethyl L-tartrate (DET, 3.1 mg, 0.015 mmol) or diisopropyl L-tartrate (DIPT, 3.5 mg, 0.015 mmol) in 10 mL of anhydrous methanol under Ar atmosphere was stirred at room temperature for 1h. Then methyl phenyl sulfide, the internal standard and aqueous H2O2 were added as described above. The enantiomeric excess was determined by HPLC with a Chiralpack OD-H column.
Heterogeneous reactions:
The solid catalyst (0.012 mmol Ta, around 30 mg) was added to a solution of methyl phenyl sulfide (124 mg, 1 mmol) and ethyl benzoate (internal standard, 15.2 mg) in 10 mL of anhydrous dichloromethane under Ar atmosphere. Then TBHP (tert-butyl hydroperoxide, 90.1 mg of a 5.5 added, the reaction mixture was stirred at room temperature and monitored by GC. At the end of the reaction, the solid was separated by filtration, washed several times with CH2Cl2 and then dried at 50°C under vacuum.
In the case of using H2O2 as an oxidant, the procedure was the same but using anhydrous methanol as solvent and aqueous H2O2 (60% wt, 68.9 mg, 1 mmol). was added to the reaction mixture.
Results and discussion
Preparation and characterization of the catalysts
The grafting of Ta(OEt)5 on MCM-41 surface may give rise to three types of species, monopodal MCM-Ta(OEt)4, bipodal MCM=Ta(OEt)3 and tripodal MCM Ta(OEt)2 (Scheme 2), as in the case of Ti(OR)4 grafting [35] . In principle this situation should be less problematic than in the case of Ti [36] , as in all the surface species exist the possibility of chelation with at least one molecule of tartrate [28] (Scheme 2). The textural properties of the catalysts have been determined by the absorption-desorption isotherms of N2 at 77 K ( Figure 2 ). According to the IUPAC classification, MCM-41 and Ta-MCM-41 materials show type IV isotherms and H1 hysteresis. Surface area, pore volume and mean pore diameter values (Table 1 ) of the MCM-41 supports are in good agreement with those reported in the literature [1] , with slightly decreasing values with the increasing calcination temperature from 550 to 750ºC. The amount of grafted tantalum is always around 0.4 mmol g 1 ( Table 1) , indicating that the grafting of the precursor is complete. As expected [37] , the tantalum grafting significantly decreases the surface area (by more than 100 m 2 g 1 ), species, able to accommodate two tartrate molecules. However, the EtO/Ta ratio is not higher in Ta-MCM750, whereas at the same time it is the solid with lower pore volume and the one with the textural properties most deeply modified upon treatment with tartrates, in spite of the lower amount of chiral ligand immobilized, which seems to indicate some kind of restriction to diffusion of tartrates through the pore system. Tantalum containing materials were also characterized by FT-IR between 4000 and 400 cm 1 (Figure 3 ). The spectra of calcined MCM supports include a large broad band between 3700 and 3000 cm 1 which is associated to the O-H stretching of the hydrogen-bound silanol groups. In addition, they also show a very large and intense band centered at 1100 cm 1 due to the Si-O-Si linkage. The band at 960 cm 1 is attributed to Si-O stretching of the silanol groups. The band at 1630 cm 1 is due to deformation vibrations of absorbed water molecules.
The peak near 800 cm 1 was attributed to the symmetric stretching of Si-O-Si [38] .
After Ta(OEt)5 grafting, the FT-IR spectrum shows a series of bands at 3000-2800 cm 1 corresponding to the aliphatic C-H bonds of the remaining ethoxy groups. The band corresponding to the Si-O-metal bond appears at 910-970 cm -1 , for example in the case of Si-O-Ti [39] but also in that of Si-O-Ta [40, 41] . However, it overlaps with the band corresponding to the remaining Si-OH groups of the support. After modification with the chiral tartrates, a new band appears at 1730 cm 1 corresponding to the C=O bond of carboxylic esters, in principle without coordination to Ta (1738 cm 1 in solution spectra of Ti(DIPT) complexes [42] ), whereas the coordinated C=O bond (1638 cm 1 [42] ) would be masked by the water band.
The formation of Ta-tartrate complexes on the solid surface can be studied by solid state NMR. From the results of Ti-tartrate complexes in solution [42, 43] , 
Tantalum catalyzed oxidation of thioanisole
These catalysts were tested in the oxidation of thioanisole with three different oxidants, namely aqueous hydrogen peroxide and two alkyl hydroperoxides (tert-butyl hydroperoxide, TBHP, and cumyl hydroperoxide, CHP) in organic medium. The reaction solvent was changed, methanol for H2O2 and dichloromethane for alkyl hydroperoxides, in order to allow the solubility of the oxidant and the sulfide. [30] , and the alternative Ta-O-OR formed with alkyl hydroperoxides is probably less reactive. Moreover, in the case of CHP, the homogeneous reaction is less selective, from 82% sulfoxide selectivity at the beginning of the reaction up to only 56% selectivity at the end (after 6h most of the oxidant is consumed in the sulfoxide oxidation to sulfone), whereas the fast reaction with H2O2 leads to a 97% sulfoxide selectivity. The heterogeneous catalysts are less efficient than the homogeneous precursor, and also less selective with H2O2, around 80% sulfoxide selectivity, as expected for a slower reaction. However, the reaction with hydroperoxides almost completely stops after 5-6 h and oxidant consumption is only 40-50%, with sulfoxide selectivities ranging from 75 to 82%.
The modification with the chiral tartrates should produce a variation in the kinetics of the oxidation, due to both steric and electronic effects. In fact this is observed ( Figure 6 ) with all the oxidants tested. With alkyl hydroperoxides (TBHP has been chosen as example in Figure   6 ) the effect of both tartrates is similar, with a decrease in the initial fast rate of the unmodified solid and then a similar slow rate for longer reaction times. The sulfoxide selectivity is higher in the modified solids, as expected for the slower reactions, with values >98% for oxidations with TBHP and >90% in most of cases with CHP (see below). With H2O2 the effect of modification with tartrates is also similar, with slower reaction rates and higher sulfoxide selectivities. A rather surprising difference is that in general the modification with DET has a more pronounced effect than the modification with DIPT. Two possible explanations for this observation will be exposed below. Reaction conditions: 1 mmol thioanisole, 1 mmol oxidant, 0.012 mmol Ta, 10 mL solvent (methanol for H2O2, dichloromethane for TBHP), at room temperature.
The calcination temperature of the MCM41 support has also some effect, but it is different depending on the modification of the Ta sites and the oxidant used in the catalytic reaction ( Figure 7) . With no modification with tartrate, the Ta-MCM catalysts behave in the order 550 > 650 > 750. The Ta-MCM550 keeps its better performance after modification with chiral 16 tartrates in the oxidations with H2O2. In the case of oxidation with alkyl hydroperoxides there is not a clear relationship between the activity and the calcination temperature. With TBHP Ta-MCM550 is always clearly worse than the other two solids, whereas with CHP Ta-MCM750 and Ta-MCM550 behave in a similar way when modified with DET, and Ta-MCM550 is the best support when modified with DIPT. enantioselectivities in the order H2O2 > TBHP > CHP, and the same is true with respect to the calcination temperature, as MCM650 is the best support that allows obtaining the highest enantioselectivities, namely 16% ee with CHP, 22% ee with TBHP, and 25% ee with H2O2. As the reaction is slower in the presence of the chiral tartrate, the reaction rate should give an indication about the degree in the modification of the Ta sites with tartrate ligand. In fact, when the enantioselectivity of the oxidation with TBHP is represented vs TOF (calculated from the initial data of conversion) a linear correlation is obtained (Figure 9 ). The extrapolation to TOF = 0 gives a maximum enantioselectivity of 27% ee, lower than the 36% ee obtained with the homogeneous catalyst. This type of correlation cannot be observed either with CHP, as the variations in both reaction rates and enantioselectivities are lower, or H2O2, whose results are more disperse. In this case it might be possible that sites in the most inner part of the pores, not modified with the chiral ligand due to accessibility problems, would be however accessible to the reagents, participating in the reaction in this way in the reaction. Figure 9 . Correlation between % ee and the initial TOF in the oxidation of thioanisole with TBHP promoted by the heterogeneous catalysts.
The catalysts were recoverable in all the cases, with tantalum contents identical to those of the freshly prepared catalysts (within the experimental error of the analysis). However, the recovered catalysts were more active than the fresh ones, as can be seen in Figure 10 , with activities very similar to that of the unmodified Ta-MCM solids, which seems to indicate that the tartrate is lost during the first run. Elemental analysis of the recovered catalysts show a significant sulfur content, from 0.5 to 1.3% S, with an increase in the carbon content. In fact, the CP-MAS 13 C-NMR spectrum of the recovered samples ( Figure 11) shows the presence of oxidized sulfur compounds, as demonstrated by the signal at 47 ppm, although it is difficult to assign to either sulfoxide or sulfone. Although the signals corresponding to the tartrate also remain on the solid, the intensity seems to be reduced in comparison with the spectrum of the fresh catalyst. After thorough washing with dichloromethane, the sulfur content is eliminated and the carbon content is reduced to values below those of the starting material, confirming in this way the decomplexation of tartrate from the tantalum sites, either by the solvent methanol or by water produced in the reaction. In the case of oxidations with alkyl hydroperoxides (TBHP and CHP) the same effect is observed, although the increase in activity after recovery is less significant due to the low activity of the unmodified solids. As enantioselectivity is also reduced to almost zero (values up to 4% ee were obtained) the loss of chiral tartrate can be proposed, in this case promoted by the hydroperoxide and/or the concomitant produced alcohol, tert-butanol or cumyl alcohol. 
